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CT: Our new appr ach 
term statistical dependencies in the coded
ABSTRA o extends the 
video 
sequence are not exploited in existing internatio-
spatial displacement vector utilized in block-base d
nal standards. An overview of techniques in video
hybrid video coding by a variable time delay per-
frames
mitting the use of more fr ames than the previously
which use multiple reference can be found 
decoded one for motion compensation. The long-
in [1]. 
term memory covers the decode d frames of some 
We can benefcially view MCP a source co-
seconds at the encoder's as well as the deco der's 
ding problem with a fdelity criterion. For a cer-
side. This scheme is well suited in cases of repe-
tain bit-rate MCP provides a version of the vi-
tition in the sequence, e.g. a head is r otating back
deo signal with a certain distortion. The bit-
into its old position, or if the camera is shaking. 
rate/distortion trade-of can be controlled by va-
However, transmission of the variable time delay 
rious means. One approach is to treat MCP as 
re quires additional bit-rate which may be prohibi-
special case of entropy-constrained vector quan-
tive when the size of the long-term memory in-
tization (ECVQ) [2, 3]. The image blocks to be 
creases. Therefore, we control the bit-rate of the
encoded are quantized using their own code books 
motion information by employing rate-c onstrained 
that consist of image blocks of the same size in the 
motion estimation. Simulation results are obtai-
previously decoded frames. A code book entry 
ned b y integrating long-term memory prediction 
is addressed by the translational motion parame-
into an H.263 code c. PSNR impr ovements up to
ters which are entropy-coded. Hence, the criterion 
2 d B for the Foreman sequenc e and 1.5 dB for 
for the block motion search is the minimization of
the Mother-Daughter sequence are demonstr ated
the Lagrangian cost function wherein a distortion 
in comparison to the TMN-2.0 H.263 coder. 
measure is weighted against a rate measure using
a Lagrange multiplier. The Lagrange multiplier 
imposes the rate-constrain as for ECV and itst Q,
1. INTRODUCTION 
value directly controls the rate distortion trade-
of. 
In recent years, umerous n standards such as 
approac t c n
H.261, H.263, MPEG-1, and MPEG-2 have been 
Another h o o trol the rate distor-
performance MCP use variable 
intro duced for compression of video data for di-
tion of is to block 

sizes or, general, ariable segments
gital storage and comm unication services. To-
in v shaped of 

gether, the applications for these standards span 
the image [4, 5]. Howev er, most in cases the seg-
the gamut from low bit-rate video telephony to
mentation has to be transmitted as side informa-
tion, which may be prohibitive for low bit-rates.
high quality HDTV with the most recent stan
dard H.263 [7], targeting the low bit-rate end.
-
Therefore, the accuracy of the segmentation has 

H.263 as well as the other standards utilize hybrid 
to weighted against the distortion gains by MCP 

[6]. H.263 decoders can only handle images seg-
video coding schemes which consist of motion-
compensated prediction (MCP) and DCT-based 
mented either into blocks of 16� 16 or 8� 8 pels. 
transform quantization of the prediction error. It
This very coarse structure of segmentation requi-
is highly likely that also the future MPEG-4 stan-
res only a small amount of bit-rate to be trans-
mitted and app ears to be efcient.
dard will follow the same approach. 
In most cases, the motion compensation (MC) In this work we utilize both tools: rate-
is carried out by employing the immediately pre- constrained bit allocation and the H.263 segmen-
ceding frame which is available as a reconstruc- tation architecture to control the rate distortion 
ted frame at the encoder and the decoder. Long- performance of long-term memory MCP. 
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vector and the variable time delay. Hence, the 
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sequence can
 be used by the MCP. The frames
 
30 
inside the long-term memory which is simulta-
29
neously built at encoder and decoder are addres-
Figure 2: Prediction gain vs. frame skip for the se-
quence For eman for memory sizes M = 1, 2, 5, 10, 
and 50.
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Figure 1: Motion-Compensated Long-Term Me-
mory Predictor.
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The architecture of the long-termmemory pre- 39 
dictor is depicted in Fig. 1. This fgure shows 
an interframe predictor which uses a number of
38 
frame memories that are arranged using the me- 37 
0 1 2 3 
mory control. The memory control may work in Skip 
several modes of operation. A sliding window over
Figure 3: Prediction gain vs. frame skip for the
time may be accommo dated by the memory con-
ast 
sequence Mother-Daughter
trol unit as depicted in Fig. 1. P decoded and 
. 
reconstructed frames starting with the immedia-
tely preceding one ending with the frame which Figs. 2 and 3 show results of motion-compen-
is decoded M time instan ts before are collected in sated prediction experiments for the test se-
the frame memories 1 to M . Alternatively, the set quences Foreman and Mother-Daughter respec-
of past decoded and reconstructed frames may be tively. The plots show the prediction performance 
subsampled using a scheme presumed by encoder in terms of PSNR vs. frame skip measured over 
and decoder. In general, several memory control 100 frames. The num bers 1, 5, 2, 10, and 50 re-
modes of operation may be defned and the one late to the various memory sizes. The long-term 
which used is may be negotiated betw een encoder memory is built up by original frames sampled at 
and decoder. In this work we will use the sliding the frame rate corresponding to the various frame 
window approach because of its simplicity. skips using the sliding window memory control ap-
Improvemen ts when using long-term memory proach as described above. The block-matching 
prediction can be expected in case of repetition is conducted by full search in the long-term me-
of image sequence content. Examples for such an mory bufer in the rangeM �[�16:::15]�[�16 :15] 
efect are moving video content with repetition in on integer-pel positions followed by half-pel
:: 
ref-
orientation or shape, covered and uncovered ob- nement using 16� 16 blocks. As criterion for the 
jects, shaking of the camera forth and back, etc. block motion search we use the sum of the squared 
Also, the efect of sampling the video signal at va- diferences (SSD) between displaced and original 

rious positions y tribute benefts in fa or  ma con v of frame. 
2. MOTION-COMPENSATED 
LONG-TERM MEMORY PREDICTION 
Our approach for exploiting long-term statistical
 
dependencies is to extend the motion vector utili-
zed in hybrid video coding by a variable time delay
 
permitting the use of more frames than the pre-
viously decoded one for block-based motion com-
pensation. With that, a long-term memory con-
taining several seconds of the reconstructed image
 
long-term memory prediction. Hence, we expect
 
the gains obtainable to increase with frame rate
 
decrease. 
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2.1. Prediction of the Motion Vector 2.2. Hufman codes for the time delay 
The spatial displacement vectors and the time de- In order to transmit the time delay d
t
, we have 
lay have to be transmitted as side information re- generated a Hufman code table for each memory 
quiring additional bit-rate. In to trol size. In ] the trop design of a 
order con the [5 en y-constrained
 
bit-rate for the motion information the criterion 
complete quadtree video codec is presented. The 
for the block motion search the is minimization of impact of the rate distortion optimized bit alloca-
the Lagrangian cost function tion on the Hufman code design is demonstrated. 
From the results in [5], we conclude that if we are
J(d) = D(d) + >R(d � p), (1) 
using a rate-constrained bit allocation we should 
include it into the design procedure resulting in an
where D(d) is a distortion measure for a given mo-
iterative algorithm similar to that [2 of ]. For fur-
tion vector = d (d
x 
, d
y 
, d
t
), h suc as the L
1 
norm 
ther details on entropy-constrained Hufman code 
of the displaced frame diference, and R(d � p)
design please refer to [5]. 
is the bit-rate associated with a particular choice 
In our design algorithm, a set of 10 QCIF trai-
of the spatial displacement and time delay given
ning sequences each with 10 seconds of video is 
its predictor p = (p
x 
, p
y 
, p
t
). In this work, we set 
encoded at 10 frames/s. The Lagrange multiplier 
p
t 
= 0 for simplicity reasons. 
is chosen to > = 150 while using SSD as distortion 
The predictor for the spatial displacement vec-
measure and the overall motion vector bit-rate in-
, ) computed displacemen v 
t 
tor (p
x 
p
y 
is using t ec-
cluding the bit-rates of the spatial displacemen 
tors taken from a region of support (ROS). The 
and time delay. During encoding, histograms are 

ROS includes previously coded blocks that are
gathered on the time delay parameter to design 
close spatially and temporally as shown in Fig. 
the Hufman codes which are employed in the next 
4. The blo k in the center theof fve bloc in
ding step. The is performed con-
c ks
enco loop until 
frame t� 1 is located on the same position as the 
vergence is reached, i.e., the changes in the ov er-
t t. 
m
bloc k with displacemen vector DV is in frame
all Lagrangian costs beco e small. The spatial 
displacements (d , d ) are transmitted using the
x y 
Frame t 
DV3329 2402 
40552815 
32421941 
2870 
1855 
H.263 MVD table [7]. 
2167 
1928 
2011 2745 1698 
1414 3210 1415 
2070 
1839 
3. INTEGRATION INTO H.263 
In order to evaluate the prop osed technique the 
long-term memory MCP is integrated into an
H.263 video codec. The H.263 inter-prediction 
1
modes INTER, INTER-4V, and UNCODEDFrame t-1 
are extended to long-term memory MC. The IN-
TER and UNCODED mode are assigned one 
Figure 4: Region of support for predicting DV. 
code word represen ting the variable time delay for
the entire macroblock. The INTER-4V mode uti-
We measured correlation coefcients between 
lizes four time parameters each associated to one 

the x (top) as well as the y component (bottom) 
of the four 8� 8 motion vectors. 
of DV and the displacement vectors of the ROS for 
To run our H.263 as well as our long-term me-
a set of training sequences by conv entional block
mory coder, we have implemented a modifed en-
matching with the immediately preceding frames. 
coding strategy as utilized by the TMN-2.0 coder,
2
In order to determine (p
x 
, p ), the time delay
the test model for the H.263 standard. Our enco-y 
d
t 
for the current block is transmitted frst. Then, 
ding strategy difers for the motion estimation and 
the spatial displacements assigned to blocks in the
the mode decision, where our scheme is motivated 
ROS are selected in case their time delay coinci-
by rate-distortion theory. 
des with the time delay of the curren t block. The 
The problem of optimum bit allocation to the 
result is sorted in descending order of the correla-
motion vectors and the residual coding in any hy-
tions between the spatial displacement parameters 
brid video coder is a non-separable problem requi-
of the curren block and the blocks of the OS.
ring a high amount of computation. To circum-
t R 
The predictor is formed by taking the median 
ven t this joint optimization, we split the problem 
from the frst three of the sorted spatial displa-
three 
The UNCODED mode is an INTER mode for which
cement vectors. In case there are less than 
1 
displacemen v 
the COD bit indicates copying the macroblock from the
t vectors a ailable, only the frst dis-
previous frame without residual coding [7].
placement ector is usedv predictor if itas exists. 
The TMN-2.0 codec is a vailable via anonymous ftp to
w set the predictor ( , p ) = (0, bonde.nta.nOtherwise e p
x y 
2 
0). o. 
 into two parts: motion estimation and mode deci-
Results FOREMAN sequence  PSNR vs. Rate 
sion. 
39 
The motion estimation is performed as des- 38 
cribed above using the minimization of the La- 37 
grangian cost function. For each frame the
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motion vector is found by full search on integer-
pel positions followed by half-pel refnement.

integer-pel search is conducted over the
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by the sum of the absolute 32computed diferences 

(SAD) between displaced and original frame and 
31 
the rate is computed by the bit-rate occupied
 
30 
the motion vector. The impact of overlapp
 
29
block motion compensation is neglected in the mo-
estimation.tion 
28
20 40 60 80 100 120 140 160 180 200 
Rate [kbit/s]
Given the displacements for each particular 
mode we are computing the overall rate distortion 
Figure 5: PSNR vs. overall bit-rate for the se-
costs. The distortion is computed by SSD between
quence Foreman. 
reconstructed and original frame, and the rate is 
computed including the rates of macrobloc hea-k 
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ders, motion parameters, and DCT quantization 40 
Lagrange multipliers: one for the motion search 33 
(�
motion
), the other one for the mode decision 
(�
mode 
). Furthermore, the distortion measures 
difer because of complexity reasons. Hence, the 
32 
selection of the Lagrange parameters remains 
31 
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her difcult in our coder. 
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In this work, we emplo
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y 
30 
diferent
34 
TMN 
H.263 
25
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the heuristic �
motion 
= �
mode
, which appears to 
Figure 6:
be sufcient. The parameter 
mode 
itself is derived 
PSNR vs. overall bit-rate for the se-
�  
quence Mother-Daughter.
from the rate distortion curve that we computed 
using the TMN-2.0 H.263 coder. 
DCT quantization parameter accordingly. Hence, 
the points marked with "+" in the plots relate to
4. SIMULATION RESULTS 
values computed from entire sequences. The long-
In this section we demonstrate the performance of 
term memory bufer is built up simultaneously
 
the proposed approach. Figs. 5 and 6 show the re-
at encoder and decoder by reconstructed frames.
 
sults obtained for the test sequences Foreman and 
The results are obtained by measuring over fra-
Mother-Daughter, respectively. These sequences 
mes 50:::100, in order to avoid the efects at the 
is
beginning
where not part of the training set. The coder 
of the sequence. 
run with constant quantizer when coding 100 fra-
The impact of rate-constrained encoding stra-
mes at 10 frames/s. All results are generated from 
tegy is visible when comparing our H.263 codec
 
decoded bit streams. 
with TMN-2.0. For both sequences, a PSNR gain
 
Figs. 5 and 6 show the average PSNR from 
of 0.6 dB is due to our rate distortion optimiza-
reconstructed frames produced b TMN-2.0 
We noticed usage of the
y the 
tion. that the full motion 
codec, our rate distortion optimized H.263 codec 
estimation search range [-16 : : :15]x [-16 : : :15] 
and the long-term memory prediction codec vs. for the 8 x 8 block displacement vectors provides 
overall bit-rate. most of the gain for our H.263 codec. The TMN-
The size of the long-term memory is selected 2.0 coder only permits the use of half-pel positi-
as 2, 5, 10, and 50 frames. The curv is genera- ons for the 8 x 8 block displacemen vectors thate t 
ted by varying the Lagrange parameter and the surround the previously found 16 x 16 block dis-
coefcients. The mode with the smallest Lagran-
39 
gian cost is selected for transmission to the deco-
der. In case of long-term memory MCP, the mo-
tion estimation followed by the mode decision as 
38 
37 
described is conducted for each frame in the frame 
36 
bufer.
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Since there are now two Lagrangian cost func-
tions be minimized, we employ
to
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placement vector, which is searched in the range 5. CONCLUSIONS 
: : : : : :[�16 15]� [�16 15]. We have observ ed that
By using motion-compensated long-term memory
using the full search range for the 8� 8 block dis-
placement vectors leads impro to ved ding co er-
prediction we obtain a signifcantly impro ved vi-
p 

deo codec in terms of rate distortion performance.
formance for our rate-constrained motion estima-
tion, whereas for the TMN-2.0 we get worse re-
The gains are hiev ac ed at the expense of incre-
sults, since no rate-constraint is employed. This 
ased computational complexity and memory re-
efect is even stronger, in case of long-term me-
quirement. Main ingredient for the successful use 
mory MCP where we have much more search po-
of motion-compensated long-term memory pre-
sitions: M � [�16 : : 15]� [�16 : : 15]. 
diction is the rate-constrained encoding strategy. 
In comparison to TMN-2.0, rate-constrained mo-
When comparing long-term memory MCP to 
tion estimation and mode decision provides PSNR 
our own rate-distortion-optimized H.263 coder, 
the PSNR gains achiev 
: 
ed are about 
: 
1.4 dB for
gains up to 0.6 dB. On top of that, our long-term 
memory prediction coder yields additional PSNR 
the F eman sequence and 0.9 dB for the Mother-or 
gains of 1.4 dB for the F eman sequence and 0.9
Daughter 
a
sequence
of
at 
50
the
frames.
high bit-rate
These results
end, when 
de-
dB for Mother-Daughter
or 
when using a long-term 
using memory 
memory of frames. 50 
monstrate that utilizing the long-termmemory ew
get impro an ved motion-compensating prediction 
6. ACKNOWLEDGEMENTS 
scheme in terms of rate distortion performance. 
The gains tend to vanish for very low bit-rates 
Thanks to k Ec ehard Steinbach, Uwe Horn, Niko 
which is in line with our interpretation of MCP as
er, Klaus Stuhlma forFarb and uller helpful discus-
ECVQ. 
sions.
 
Figs. 7 a) and 8 a) show the bit-rate for the mo-
tion vectors including the bit-rates for the spatial 
7. REFERENCES 
displacements and the time delay. Two tenden-
T. Wiegand, X. and Girod, 
cies can be observed for our H.263 and long-term 
[1] Zhang, B. "Motion 
Compensating Long Term Memory Prediction",
memory coder: the motion vector bit-rate incre-
in Proceedings of the IEEE International C o n f e -
ases as overall bit-rate increases, and the curves 
rence on Image Processing , Santa Barbara, USA, 
merge at the v lo ery w bit-rate end for the various
Oct. T be published.1997, o 
memory sizes. 
[2] P. A. Chou, T. Lookabaugh, and R. M. 
How ever, the curv e for the TMN-2.0 coder 
Gray, "Entropy Constrained Vector Quantiza 
shows a completely diferent behavior. For the
tion", IEEE Transactions on Acoustics, Spee ch
sequence Foreman, the motion vector bit-rate de-
and Signal Processing , vol. 37, no. 1, pp. 31-42, 
Jan. 1989.
creases as overall bit-rate increases. This results 
from the fact that the TMN-2.0 does not employ
[3] B. Girod, "Rate Constrained Motion Estimation", 
a rate-constraint and motion estimation is perfor-
in Proce edings of the SPIE Conference Visual 
med using the reconstructed frames (for TMN-2.0 
Communications and Image Processing , 
on 
Chicago, 
as well as for our coder). As bit-rate decreases 
USA, Sept. 1994, pp. 1026-1034, (Invited paper). 

these reconstructed frames get noisier and since
[4] G. J. Sulliv an and R. L. Baker, "Efcient Quadtree 

the regularization by the rate-constraint is mis- Coding of Images and Video", IEEE Tr ansactions 
sing for the TMN-2.0, the estimates for the motion 
on Image Pro cessing , vol. 3, no. 3, pp. 327-331, 
data get noisier requiring a higher bit-rate. 
May 1994. 
T. Wiegand, Flierl, and Giro "Entropy 
Figs. 7 b) and 8 b) show the amount of bit-rate 
[5] M. B. d, 
Constrained Design of Quadtree Video Coding
used for the spatial displacement vectors. Note
Schemes", in Procee dings of the IEE International
that for our rate-constrained motion estimation 
Conference on Image Processing and its Applica-
the bit-rate occupied by the spatial tdisplacemen 
tions, Dublin, Ireland, July 1997, pp. 36-40. 
vectors is roughly independent from the size of the
. predic-
[6] K. W. Stuhlmiuller, A. Salai, and B. Girod, "Rate

long-termmemory This indicates that our 
Constrained Contour Representation for Region
tion scheme for the spatial displacement vectors 
Based Motion Compensation", in Pro ceedings of
works sufcien for all memorytly sizes. 
the SPIE Conference on Visual Communications 
and oc essing, Orlando,
Finally, Figs. 7 c) and 8 c) depict the bit-rate 
Image Pr USA, Mar. 1996. 
required to transmit the time delay. As the long-
[7] ITU T Recommendation H.263, "Video Coding 
term memory size increases, the bit-rate for the 
for Low Bitrate Communication", Draft, Dec. 
time delay increases. But this increase is well com-
1995. 
pensated by the reduction in bit-rate that is used 
for coding of the MCP residual. 
  
  
12 
14 
16 
18 
20 
22 
15 
16 
Results FOREMAN sequence  Rate Partition Results MOTHER DAUGHTER sequence  Rate Partition 

9 

TMN 
H.263 
2 
5 
10 
50 
8 

7 

6 

TMN 
H.263 
2 
5 
0 
50 
Ti
m
e 
D
el
ay
 R
at
e 
[k
bi
t/s
] 
S
pa
tia
l D
is
pl
ac
em
en
t R
at
e 
[k
bi
t/s
] 
M
ot
io
n 
P
ar
am
et
er
 R
at
e 
[k
bi
t/s
]
Ti
m
e 
D
el
ay
 R
at
e 
[k
bi
t/s
] 
S
pa
tia
l D
is
pl
ac
em
en
t R
at
e 
[k
b 
t/s
]
M
ot
io
n 
P
ar
am
et
er
 R
at
e 
[k
bi
t/s
]
5 

4 

10 
 3 

8 
 2 

6 

20 40 60 80 100 120 140 160 180 200 
 1 
0 10 20 30 40 50 60
Rate [kbit/s] Rate [kbit/s] 
a) 
a) 
Results FOREMAN sequence  Rate Partition 

17
 
TMN 
H.263 
2 
510 
50 
Results MOTHER DAUGHTER sequence  Rate Partition 

6 

8
 2 

7
 1.5 
6 

20 40 60 80 100 120 140 160 180 200 
 1 
0 10 20 30 40 50 60
 
TMN 
H.263 
2 
050 
Rate [kbit/s] Rate [kbit/s] 
b) 
b) 
Results FOREMAN sequence  Rate Partition Results MOTHER DAUGHTER sequence  Rate Partition7
 4
 
5.5 
5 

14 

4.5 
13 

4 

12 

3.5 
11 

3
10 

2.59
 
2
5
0
50
 
 
 
 
20 40 60 80 100 120 140 160 180 200
 
2
5
10
50
 
 
 
 
0 10 30 50
20 40
 
6
 3.5 
5
 3
 
4
 2.5 
3
 2
 
1.5 
1
 
Rate [kbit/s] Rate [kbit/s] 

c) 
c)
 
Figure 7: Motion rate vs. overall bit-rate for the 
Figure 8: Motion rate vs. overall bit-rate for the
 
sequence Foreman. 
sequence Mother-Daughter. 
1 
2 
60 
